Background/Aims: Pterostilbene (Pt; trans-3,5-dimethoxy-4'-hydroxystilbene) is a natural phenol found in blueberries and grapevines. It shows remarkable biomedical activities similar to those of resveratrol. Its high bioavailability is a major advantage for possible biomedical applications. The goal of the study was to evaluate the effects of chronic pterostilbene administration on cognitive performance in aged rats with mild cognitive impairment. Methods: 18-month-old animals were subjected to behavioral tests to establish the "baseline", then divided into treatment and control groups. The former were chronically fed Pt (22.5 mg/kg-day) for 20 consecutive days. At the end of this period all animals were tested again and sacrificed. The dentate gyrus, the hippocampus and the prefrontal and perirhinal cortices were then collected, and RT-qPCR and/or Western blot analyses were performed on a few transcripts/proteins involved in synaptic remodeling. Mitochondrial content was also assessed. Results: Pt administration improved performance in behavioral tests and positively affected memory consolidation. We found increased levels of REST, PSD-95 and mitochondrial porin1 in the dentate gyrus and a positive correlation between T-maze test score and levels of cAMP responsive element binding protein (CREB) phosphorylation. Conclusion: These results underscore the therapeutic potential of Pt supplementation for age-related cognitive decline.
Introduction
Intake of fruits and other plant-derived foods, and in particular of berries and nuts, antagonizes the progressive cognitive decline associated with aging and neurodegenerative disorders [1] [2] [3] and with the metabolic syndrome [1, 2] . These effects are largely attributed to the polyphenolic components of these foods, including flavonoids [3] and stilbenoids [4] . They are thought to act by multiple mechanisms, including antagonizing neuroinflammation [3, 5] , improving blood circulation [6] and increasing neurogenesis and brain plasticity [7] .
A major issue in the field is bioavailability and brain accessibility in vivo [3, 8] . Dietary polyphenols, being ready-made substrates for Phase II enzymes, are rapidly transformed into metabolites in enterocytes, hepatocytes, and in the gut due to the action of bacteria [9] . These metabolites are rapidly excreted, and metabolic modification is generally considered to lower efficacy. The most studied stilbenoid, resveratrol, is rapidly and heavily modified by sulpho-and glucurono-transferases [10] . Its dimethylated analog, pterostilbene (trans-3, 5-dimethoxy-4'-hydroxystilbene), present in berries, is less susceptible to modifications, more bioavailable, and reaches relatively high (several nanomoles/gram) levels in the brain tissue after oral administration of moderate pharmacological doses [11] . Moreover, it is considered completely safe [12] . This favorable bioavailability profile can be further improved using prodrugs conjugating the molecule with natural amino acids [13] . Indeed, administration of pterostilbene has been reported to support memory formation or maintenance [14] , and to be more effective than resveratrol in this respect [15] . In the report by Joseph et al. [14] the improvement could be correlated with the levels of pterostilbene found in the hippocampus of the animals. The present paper also deals with potentiation of cognitive functions by pterostilbene. We briefly discuss here a few aspects of direct relevance.
Age-related losses are substantial in tasks of declarative memory and working memory. Declarative memory formation and consolidation is largely dependent on the hippocampus [16] , a brain region strongly affected by aging [17] ; working memory is dependent on the prefrontal cortex, another brain region altered by aging [18] . It proceeds via a short-term phase, in which newly encoded information can be retained for, at most, several hours, followed by a consolidation process that generates a stable long-term memory trace [19] . This process comprises de novo gene expression and protein synthesis, and therefore relies on the activities of transcription factors, among which CREB, activated by phosphorylation at Ser133, has been demonstrated to play a central role, promoting adult hippocampal neurogenesis in the dentate gyrus (DG) [20] . Another transcription factor of relevance for cognitive functions is REST (RE1-silencing transcription factor), highly expressed in the hippocampus, which shows a complex behavior during development and aging. It acts as a key regulator (repressor) of neuronal gene expression, but it also has distinct protective roles: its levels in old age correlate with cognitive preservation and longevity, and it is upregulated by physical exercise [21, 22] .
Post-synaptic density protein 95 (PSD-95) has a fundamental role in the organization of the signal transduction apparatus at synapses, and it is therefore of special relevance in plasticity, i.e., learning and memory formation [23] . It shows complex variation patterns in aging and in neuropathologies, but, for example, it has been found to increase in rodents exposed to an enriched environment [24] , a promising strategy to mitigate cognitive decline and Alzheimer's disease dysfunctions [25] . Mitochondria are deeply involved in neuronal plasticity [26] and neurogenesis [27] , providing ATP for processes involved in neurite outgrowth. Conversely, a reduction of mitochondrial turn-over is associated with the cognitive decline of aging and neurodegenerative disorders [28] , and may be ascribed to alterations in degradative pathways. Memory consolidation may thus be expected to be accompanied by changes of the mitochondrial network.
We report here the results of a study aimed at evaluating whether a chronic administration of pterostilbene could improve cognitive performance in aged rats and at assessing pterostilbene-induced molecular modifications in the hippocampus and in the prefrontal and perirhinal cortices. 
Materials and Methods
Only a brief summary is given here. Full details can be found in the Supplementary Material file (all supplementary material available online at www.cellphysiolbiochem.com).
Pterostilbene administration to 18-month-old rats was by inclusion of the compound in palatable jellies [29] which were provided twice a day (12-hour intervals) and immediately consumed, for 20 consecutive days. Dosage was 22.5 mg/kg b.w. each jelly cake. Controls received "unloaded" jelly.
The cognitive performance of the animals was evaluated before and after the pterostilbene administration period using a working memory test (T-maze; [30] ) and two declarative memory tests (visual object recognition -vORT-and object-in-context -OCT; [31] ). After the final round of testing, the animals were sacrificed, and the dentate gyrus (DG), the rest of the hippocampus and prefrontal and perirhinal cortices were dissected, immediately frozen and stored at -80°C for subsequent analysis. The mean of the arm alternations was used as evaluation criterion for the T-maze experiments. The preference to enter one arm rather than the other one was compared across groups (treated and untreated). For vORT and OCT, the time spent exploring the objects was measured. A discrimination index (DI) was calculated as the difference between the time spent exploring new and old objects divided by the total time spent exploring the objects. In all cases the indexes calculated were used for comparison across different groups (treated and untreated) with the two-way repeated measures ANOVA and the Holm-Sidak method for post hoc comparison.
For RT-qPCR and Western Blotting total RNA and proteins extraction was performed with TRIzol (Invitrogen). Reverse transcription was performed using the SuperScript VILO cDNA Synthesis kit. The specific primers used to measure the transcription of genes of interest are listed in Table S1 . IQ Syber Green Supermix (Biorad) was used for detection. Relative quantification of target genes was performed as in [32] . GAPDH was used as reference gene. Primary antibodies used for Western blotting are reported in Table S2 . Odissey Imaging equipment (LICOR) was used as detection system.
In vitro experiments were performed with HEK293 cells incubated or not with pterostilbene in DMEM and then lysed. 
Results

Behavioral tests
We examined the effect of a chronic administration of pterostilbene on the behavioral performances of 18-month-old rats. Since the hippocampus, and in particular the dentate gyrus, is known to be particularly vulnerable to aging [17] , we chose to perform those tests that could mirror activities in these areas of the brain, such as T-maze and the object in context recognition test (OCT). Moreover, we used the visual object recognition test (vORT) to also include other cognitive processes not directly linked to the hippocampus, but mainly to two distinct cortical areas (i.e., perirhinal and prefrontal cortices). The T-maze test assesses working memory and alternation performance, and it has been demonstrated to be susceptible to hippocampal impairment [30] . We demonstrated that Pt-treated rats did not suffer from detrimental effects in the ability to alternate between the two arms and reached a statistically significant better performance than control animals (p = 0.596 and p = 0.013, respectively) (Fig. 1A) . The OCT is specific for the assessment of memory stabilization, requiring an intact hippocampal function. OCT evaluates the ability of the animals to associate objects with contexts and to discriminate between the object when presented in a changed context and the same object presented in the same context. As shown in Fig. 1B , Pt-treated rats exhibited a significantly higher score compared to baseline levels (p = 0.002). Conversely, the performance of untreated rats did not change compared to that observed during the baseline evaluation (p = 0.553). The vORT is aimed at assessing memory retention abilities regarding information deriving from the environment and orientation (declarative memory). vORT is based on the spontaneous tendency of rodents to spend more time exploring a novel object than a familiar one, and it also involves hippocampal function. It was performed twice, 1 and 24 hours after the training sessions, with similar results. At both times, animals chronically treated with Pt explored the new object more than rats belonging to the control group (p < 0.001 and p = 0.002, respectively) (Fig. 1C,  D) .
Molecular readouts of pterostilbene treatment
As the DG is wrapped up by the surrounding anatomical structures of the hippocampus, its dissection is notoriously difficult. To limit problems related to tissue contamination, we verified the accuracy of the procedure as detailed in Supplementary  Fig. S1 . Hereafter we use the term "hippocampus" to refer to the excised cerebral tissue containing the hippocampus minus the DG. Given their involvement, both the prefrontal and the perirhinal cortices were also collected and analysed. We examined a set of transcripts and proteins that may be involved in synaptic plasticity processes (see Supplementary Table  S1 and S2 for a complete list). While the average increase of phospho-CREB (pCREB) in the DG of Pt-treated animals was only marginally significant (p = 0.0886) ( Fig. 2A) , a positive correlation (p = 0.0105) was obtained between these levels and the logarithm of the score obtained by each treated animal in the T-maze test (Fig. 2D ). No such correlation was found for the control group (Fig. 2C ), in agreement with the idea that cognitive decline during aging is multi-factorial, not ascribable to a single factor.
To further assess the impact of Pt on CREB, we also verified whether it could activate CREB in vitro. Western blot analysis performed in HEK293 cells confirmed that Pt induced an increase in the phosphorylation levels of CREB, with a maximal effect reached after about 20 -45 minutes (Fig. 3) .
Additionally, we also observed higher transcription levels of neuronal regulator REST in treated animals (Fig. 4A ) compared to controls, further supporting the idea that Pt may induce changes in gene expression leading to rearrangement in synaptic structures. The results we obtained both in vitro and in vivo led us to speculate that Pt may actually promote Fig. 1 . Behavioral assessment of pterostilbene administration effects on cognitive abilities. (A) T-Maze: while there was no alternation difference between the two groups before the treatment (p = 0.619), Pt-treated animals performed better than controls after pterostilbene administration (p = 0.013). (B) OCT: the Pttreated group was able to discriminate between the two objects significantly better than the control group (p= 0.003). (C, D) vORT: Pt-treated rats improved their performance compared to control rats, and were able to discriminate between the two objects at both 1 and 24 hours (p<0.001 and p = 0.002, respectively). Histograms represent average values ± SEM. *, p<0.05; **, p<0.01; ***, p<0.001. Two-way RM ANOVA, Holm-Sidak method. N = 7 for the control group and N = 8 for the treated group.
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the remodelling of synaptic structures and the establishment of new neuronal connections. On this basis, we further investigated possible changes induced by Pt at the synaptic level. We focused on postsynaptic density protein 95 (PSD-95) as it represents a major marker of synaptic maturation and it plays a key role in the stabilization of modifications of synaptic structures underlying functional activity-related changes, such as memory formation and consolidation. Importantly, the expression of this protein was significantly higher in the animals that had received Pt than in the control group (Fig. 4B) .
Neuronal rewiring requires energy. Thus, we also focused our analysis on cellular mitochondrial content, as mitochondria are the main energy suppliers in cells. Western blot analysis showed a higher amount of porin1, a protein of the mitochondrial outer membrane used as a classical mitochondrial marker, in the DG of treated rats (Fig. 4C) .
All the investigations we just described were also carried out on prefrontal and perirhinal cortices samples. However, Pt treatment seemed to have no effect in these areas of the brain (not shown).
Discussion
The increase in the levels of PSD95 (Fig. 4B) suggests that Pt may influence synaptic strength and morphology inducing Long-Term Potentiation (LTP), which, along with specific variations in cell excitability, underlies memory formation and consolidation [33] . Multiple factors and proteins contribute to the process, with a key role by Ca 2+ /calmodulindependent protein kinases. Interestingly, low-µM concentrations of pterostilbene have been reported to mobilize Ca 2+ in cultured cells [34] . The effects of pterostilbene treatment may extend to the promotion of mitochondrial biogenesis (Fig. 4C) . While not investigated, to our knowledge, in the case of pterostilbene, PGC-1α, the master regulator of this process, has been reported to be upregulated by resveratrol also in vivo, likely downstream of SIRT1 action and/or NO/CO signaling [35] . Dendritic mitochondria have been proposed [36] to participate to hippocampal synaptic LTP -more precisely to late-phase structural LTPvia the generation of "mitoflashes", i.e. bursts of mitochondrial ROS production accompanied by mitochondrial depolarization associated with opening of the Mitochondrial Permeability Transition Pore (MPTP) [37] . It may be relevant in this context that pterostilbene, despite being generally considered an antioxidant, can induce ROS production and mitochondrial depolarization [38] .
While several observations and reports thus suggest that pterostilbene may act directly on nervous cells, the possibility remains that its behavioral effects may be, wholly or in part, indirect, mediated by an improvement of the oxygen supply to the hippocampus. This compound, like resveratrol, can in fact stimulate NO production by eNOS, thus inducing vasodilation [39] . While this possibility (and the possibility of multiple modes of action) remains to be explored, it is relevant that we observed CREB phosphorylation, one of the phenomena involved in LTP, in cultured (i.e., well-or even over-oxygenated) cells. This is only the second study (the other being [14] ) examining the effect of pterostilbene on cognitive performance carried out with naturally aged rodents, as distinct from progeroid or other genetic models and from models of drug-, hypoxia-or trauma-induced CNS dysfunction. The findings, which broadly agree with and reinforce those of Joseph et al. [14] strongly suggest that moderate and chronically administered doses of pterostilbene may antagonize age-related cognitive decline. Although the molecular mechanisms underlying these effects remain to be completely defined, we have obtained evidence pointing to the activation of key transcription factors (CREB, REST) and to the upregulation of components of cellular structures (synapses, mitochondria) involved in memory formation and consolidation, pointing to stimulation of brain plasticity as the final mechanism underlying the beneficial effects of Pt. Pterostilbene was selected for this study because of its remarkable bioavailability and of the high levels it can reach in the brain. The results warrant further explorations aimed at the optimisation of a potentially very helpful, safe and cheap nutritional "brain-aid". 
